Terrigenous sediments from Ceara Rise in the western tropical Atlantic Ocean record Pleistocene Amazon Basin climate variability. Iron oxides and oxyhydroxides in this region originate mainly from chemically leached Amazon lowland soils. Concentrations of goethite and hematite in the terrigenous fraction consistently peak during transitions from glacial to interglacial periods, suggesting an increased proportion of erosive products derived from the Amazon lowlands compared to the physically weathered highlands. Lowland Amazon Basin precipitation changes, monitored by the percentage of goethite relative to total iron oxides, lead ice age extremes with maximum aridity during ice growth and maximum precipitation during ice melt. Rapid climate changes over the Amazon Basin may reflect shifts in the position of the Intertropical Convergence Zone forced by northern hemisphere insolation at precessional (1/23,000 yr ؊1 ) and obliquity (1/41,000 yr ؊1 ) frequencies. Variance in the orbital eccentricity bands (1/100,000 and 1/413,000 yr ؊1 ) may be explained by nonlinear amplification of insolation forcing at precessional frequencies. The early response of Amazon precipitation to insolation, ahead of high-latitude ice volume (␦ 18 O) at all orbital frequencies, suggests that tropical aridity is part of the chain of events leading to ice ages, rather than a response to glacier oscillations. © 1999 University of Washington.
INTRODUCTION
To assess Amazon Basin response to glacial-interglacial climate forcing, we link marine and continental climate records over the most recent climate transition, then extend the analysis through the Pleistocene and latest Pliocene (0 -2.6 myr) using long, continuous, well-dated marine sedimentary records from Ceara Rise in the western tropical Atlantic. Consistent glacialinterglacial climate patterns emerge, demonstrating that Amazonia experienced arid periods during Northern Hemisphere ice growth and that lowland precipitation levels increased during glacial terminations.
Much of Amazonia was colder during the last glacial maximum (LGM) than today. Stable isotopes from Peruvian ice cores imply LGM high-altitude temperatures 8 -12°C cooler than today (Thompson et al., 1995) and noble gases in groundwater suggest LGM lowland Brazil air temperatures about 5°C cooler (Stute et al., 1995) . In the northern and central Andes, ice age snowlines (Clapperton, 1993) and treelines (van der Hammen, 1974) may have descended 1000 m or more, and montane vegetation may have grown at lower altitudes (Lui and Colinvaux, 1985; Bush et al., 1990) .
Evaporite deposits (Kronberg et al., 1991) and paleo-dunes in Amazonia (Clapperton, 1993) imply drier conditions during the last glacial cycle. Many lowland lakes lack LGM sediments, suggesting lake desiccation (Servant et al., 1993; van der Hammen, 1974; van der Hammen and Absy, 1994) . Some possibly preserved lowland LGM lake sediments are highly oxidized, implying lower lake levels (Colinvaux et al., 1996) , but a recent study of age models in lowland lake sediments concludes that the LGM is represented by a hiatus at all known lowland lake sites (Ledru et al., 1998) . Grassland vegetation and savanna forest may have been more expansive, in place of today's dense rain forest (Clapperton, 1993) , although pollen deposited on the Amazon Fan suggests little glacialinterglacial change in vegetation of the riparian zone (Haberle, 1997) . Unweathered plagioclase (Damuth and Fairbridge, 1970) in pre-Holocene sediments from the western tropical Atlantic and the Amazon Fan implies a drier climate and reduced forest cover in Amazonia.
Precipitation levels in much of lowland Amazonia likely increased during the transition from the LGM to the present. Lacustrine sedimentation resumed and arboreal pollen percentages peaked in some areas from about 13,000 -9000 years ago (Servant et al., 1993) . Foraminiferal ␦ 18 O from the Amazon Fan suggests high discharge and precipitation between 13,500 and 6000 14 C yr B.P. (Showers and Bevis, 1988) . In contrast to lowland lakes, lake levels on the Bolivian altiplano were high during the LGM and decreased during the transition from glacial to interglacial conditions (Wirrmann and Mourgiart, 1995; Abbott et al., 1997) , suggesting different contemporaneous precipitation regimes in the Amazon lowlands and the Bolivian highlands.
Each of the available continental studies represents the climate situation at one or a few isolated points, and discrepancies among them may represent true regional differences in climate response. Lake records are short, discontinuous, and difficult to date and correlate accurately; thus, basinwide climate inferences remain uncertain. Previously available marine records are well dated and represent climate variability on a basinwide scale; however, as with the continental records, most span only the last glaciation and the transition to the Holocene. Our approach yields an integrated view of Amazon Basin climate at high temporal resolution over many glacial cycles.
Ceara Rise is an aseismic ridge located off the Atlantic coast of South America, southeast of the Amazon Fan (Fig. 1) . Complete sedimentary sequences were recovered at Ocean Drilling Program sites 925 (4°12ЈN, 43°29ЈW, 3041 m water depth) and 926 (3°43ЈN, 42°54ЈW, 3598 m water depth) by drilling multiple overlapping holes at each site (Curry et al., 1995) . We present data primarily from Site 926, spliced with the upper 2.6 m of Site 925 (approximately 0 -50,000 yr), due to poor core conditions that precluded detailed analysis of this interval in the Site 926 record.
Ceara Rise receives sediment from two primary sources: (1) calcareous tests of plankton from overlying surface waters and (2) terrigenous sediment from the Amazon River. Biogenic opal is virtually absent. All cores visibly display a light-dark cyclicity arising from the interaction between these two sediment types.
The composition of the terrigenous fraction deposited at Ceara Rise reflects the composition of Amazon suspended sediments, which depends on the source and/or weathering of erosive products. Today, 85-95% of Amazon suspended sediment is derived from the physically weathered highlands (Gibbs, 1967; Meade et al., 1985) . The remaining sediment comes from tributaries draining lowland areas where the mineral composition of soils results from intense chemical weathering. More than 75% of Amazon Basin soils are mixtures of quartz (resistant to chemical weathering), kaolinite and gibbsite (clay minerals resulting from strong leaching of cations from the soil), and hematite and goethite (iron oxides formed via chemical weathering reactions ; Jordan, 1985) .
We use the changing composition of oxides in the terrigenous fraction of the marine record to infer past climate conditions in Amazonia. Goethite (%) in the noncarbonate fraction serves as a proxy for lowland versus highland erosion. The fraction of goethite relative to hematite plus goethite (G/(G ϩ H)) serves as a proxy for lowland precipitation and vegetation, as described below (Kampf and Schwertmann, 1983) . Although goethite is an oxyhydroxide, for simplicity the term "iron oxides" refers here to both hematite and goethite, and both are discussed on a carbonate-free basis (i.e., as a percentage of the terrigenous sediment component) unless otherwise noted.
METHODS

Reflectance Spectra
We measured reflectance spectra from the wet surfaces of split cores at 5 cm resolution using the Oregon State University Split Core Analysis Track modified from Mix et al. (1992) . The instrument measures light reflected from split sediment core surfaces at 0.68 nm spectral resolution, spanning upper ultraviolet (UV), visible (VIS), and near infrared (nIR) wavelengths (250 -950 nm). A split core moves automatically along a track and stops at user-chosen intervals for measurement. Two light sources, a deuterium lamp for the UV and a quartztungsten-halogen lamp for the VIS and nIR, illuminate the core surface via fiber optic cables. A Spectralon coated integrating sphere captures diffuse and specular reflectance from the core surface which is measured by a thermoelectrically cooled charge-coupled-device detector.
Three reflectance measurements are taken at each sample location: background (BLK), internal standard (IW, approximately 100% reflectance), and sample (SMP). Reflectance percentage is initially calculated at each wavelength as 100‫(ء‬SMP Ϫ BLK)/(IW Ϫ BLK), then corrected to true reflectance percentage using a polynomial fit to a set of four external calibration standards with known reflectivities (2, 40, 75, and 100% reflectance; data and standards obtained from Labsphere, Inc.). For more detail, see Harris et al. (1997) .
The spectra are band-averaged to 10 nm resolution centered on wavelengths ending in 5, e.g., 405, 415, 425 nm (e.g., Fig.  2a ). Reflectance analyses commonly use derivatives of the spectrum relative to wavelength to emphasize spectral shape.
First derivative values at each wavelength band are calculated from band-averaged data using the centered difference method (e.g., Fig. 2b ; Press et al., 1992) .
Estimating Goethite and Hematite from Factor Analysis
Reflectance spectroscopy is the most promising method for estimating concentrations of goethite and hematite in deep sea sediments. The presence of small amounts of hematite and/or goethite measurably alters the first derivative spectrum of the sample in the visible range .
R-mode factor analysis confirms that different mineral assemblages can be independently estimated from first derivative spectra. Samples in the factor analysis are 4397 first derivative spectra, one-fifth of the total reflectance data set from Ceara Rise sites. Variables include first derivatives of reflectance spectra at 10 nm intervals ranging from 405-695 nm (visible range).
In an R-mode factor model, the factor loadings are orthogonal and therefore algebraically independent (Figs. 2c-2e ). Downcore time series (factor scores) are not constrained to be orthogonal. The three factors explain 79% of the variability in first derivative spectra. Factor 2 (Fig. 2d) has peaks at about 525-535 nm and at about 445 nm, similar to first derivative spectra of goethite in a variety of sedimentary matrices, while factor 3 (Fig. 2e ) has a prominent peak at 565-575 nm, matching hematite in a variety of matrices . This means that hematite and goethite can be estimated independently in our data set. Factor 1 (Fig. 2c) is not clearly related to a specific mineral, but represents vari-ability in the dominant noncarbonate sedimentary matrix relative to highly reflective calcium carbonate. Communalities (the proportion of variability at each wavelength explained by the three-factor model) are greater than 0.95 for wavelengths spanning the main diagnostic goethite and hematite peaks (Fig. 2f) .
We calibrated this factor model by applying it to published first derivative spectra with known concentrations of hematite and goethite in a variety of sedimentary matrices that include varying amounts of calcite and quartz, both highly reflective materials Deaton and Balsam, 1991) . Calcite plus quartz is included as a variable in these equations because the sediment brightness affects the equation coefficients. This approach yields the calibration equations (Fig. 3) ln(%goethite) ϭ 3.98 ‫ء‬ f2 Ϫ 0.026 ‫ء‬ f2 ‫ء‬ CQ Ϫ 4.64 (1) ln(%hematite) ϭ 3.31 ‫ء‬ f3 Ϫ 0.022 ‫ء‬ CQ ϩ 0.955 ‫ء‬ f1
where f1, f2, and f3 equal factor scores for factors 1, 2, and 3, and CQ equals the sum of calcite plus quartz (expressed as a percentage) in the calibration matrices. Factors 2 and 3 are positively correlated to %goethite and %hematite, respectively, while CQ terms in each equation have negative coefficients. This relationship is expected since brighter sedimentary matrices (higher CQ) enhance the first derivative signature of these oxides. The significance of factor 1 in the hematite equation may be explained if this factor contains information about variability in the noncarbonate matrix, including hematite, and possibly because factor 3 explains only a small portion of the total variance (6%). These equations, applied to reflectance spectra from Ceara Rise sediments, estimate concentrations of hematite and goethite, with %CaCO 3 , estimated from reflectance spectra and magnetic susceptibility (Harris et al., 1997) , substituting for CQ. This substitution is appropriate because calcite dominates over quartz in these sediments and both are highly reflective. The downcore variability of %hematite and %goethite is statistically robust in both the time and frequency domains regardless of calibration matrix or the functional form of the equations, and therefore is interpretable in terms of climate change.
Time Series Analysis
Using time series analysis techniques, we compare time series of carbonate-free %goethite and %hematite, goethite in total iron oxides (G/(G ϩ H); this paper), %CaCO 3 (Harris et al., 1997) , Ϫ␦ 18 O (W. Curry, unpublished data), and June insolation at 65°N (Q65N Jun , calculated from the La93 (1,1) orbital solution; Laskar et al., 1993) in the frequency domain. (Thompson et al., 1995) ; (2) groundwater temperatures (Stute et al., 1995) ; (3a) Mera and (3b) San Juan Bosco (Lui and Colinvaux, 1985; Bush et al., 1990) ; (4) Acre Subbasin (Kronberg et al., 1991) ; (5) Carajas (Servant et al., 1993) ; (6) Rondonia (Van der Hammen, 1974; Van der Hammen and Absy, 1994); (7) Lake Pata (Colinvaux, 1996) ; (8) Lake Titicaca (Wirrmann and Mourguiart, 1995; Abbott et al., 1997) . Solid bathymetric contours are at 1000-m intervals. Dashed contour at 100 m is the nominal shelf break.
HARRIS AND MIX
Time series with a mean sampling interval of about 1600 yr were smoothed with a 6000-yr Gaussian window and subsampled at 2000-yr intervals. Frequency spectra are calculated from a fast Fourier transform (Bloomfield, 1976) for the interval 0 -0.9 myr, over which the time series are stationary, and from 0.2-2.6 myr to examine long period variability. Age models are from orbital tuning of magnetic susceptibility records from Site 926 (Bickert et al., 1997) . The age model agrees well with tuned age models from the equatorial Pacific . All cross-spectral comparisons among time series from the sedimentary record are from Site 926. Because the records are compared from the same samples within one site, errors in phase estimates induced by time scale errors are minimized.
RESULTS
Calcium Carbonate and Terrigenous Flux
Variability in the total terrigenous flux to Ceara Rise is approximated by the percentage of noncarbonate material. Sur-
FIG. 2. (a)
Examples of reflectance spectra from four Ceara Rise samples. %Reflectance of Ceara Rise samples is typically lower at shorter wavelengths and higher at longer wavelengths. (b) Examples of first derivative spectra (reflectance with respect to wavelength, dR/d) calculated from the four reflectance spectra in (a). (c) Loadings of R-mode Factor 1 (calculated from dR/d, and representing 44% of spectral variance in the calibration data set) represent variability in the noncarbonate sediment matrix relative to highly reflective carbonates. (d) Loadings of Factor 2 (representing 29% of spectral variance in the calibration data set) are similar in shape to the first derivative spectrum of 0.5% goethite in a North Atlantic sediment matrix, with a major peak near 525 nm and a minor peak near 445 nm . (e) Loadings of Factor 3 (representing 6% of spectral variance in the calibration data set) are similar in shape to the first derivative spectrum of 0.3% hematite in a North Atlantic sediment matrix, with a major peak at 565 nm . (f) Communalities for the three-factor model are Ͼ0.95 over the range of major goethite and hematite first derivative spectral peaks, indicating that the factor model captures Ͼ95% of the spectral variance in these bands.
face water productivity remained low throughout the late Pleistocene, with relatively low productivity during glacial stages (Ruhlemann et al., 1996) ; thus, some productivity overprint is present. Carbonate dissolution is thought to be small at these sites over this time period (Harris et al., 1997) . For at least the last glacial cycle, glacial-interglacial differences in terrigenous mass accumulation rate are greater than glacial-interglacial differences in carbonate mass accumulation rate (Francois et al., 1990) . Therefore, the Pleistocene carbonate cyclicity is driven primarily by dilution of carbonate with riverine terrigenous sediments.
Processes linked to sea level that may act to bring more terrigenous material to Ceara Rise during lowstands include a seaward location of the shoreline (decreased transport distance), erosion of the continental shelf, and possibly eastward retroflection of the North Brazil Current during glaciations (Showers and Bevis, 1988) . Low %CaCO 3 (high terrigenous flux) coincides with high ␦ 18 O (low sea level) and vice versa (Fig. 4) . Variance in both these time series is concentrated at the orbital frequencies of 1/100,000, 1/41,000, and 1/23,000 yr Ϫ1 (Fig. 5A ). The %CaCO 3 record also contains significant variance at the 1/19,000 yr Ϫ1 frequency, which is small in the Ϫ␦ 18 O record. The two time series are nearly in phase at all orbital frequencies, consistent with a sea level control of %CaCO 3 by terrigenous dilution (Fig. 5A) .
Iron Oxides
Over the past million years, maxima in goethite and hematite percentages, calculated on a carbonate-free basis, occur during transitions from glacial to interglacial stages (Fig. 4) . These iron oxide maxima demonstrate that lowland erosion increases relative to the total load during major ice-melting events at high northern latitudes.
The generally in-phase relationship between %CaCO 3 (high values associated with low terrigenous flux) and sea level (proportional to Ϫ␦ 18 O) coupled with carbonate-free iron oxides leading Ϫ␦ 18 O (Fig. 5) shows that iron oxide concentrations in the terrigenous fraction are not linked to total terrigenous flux. If increases in %goethite and %hematite were solely a function of increases in the terrigenous flux to Ceara Rise, then peaks in iron oxides in total sediment would coincide with low %CaCO 3 and low sea level, and carbonate-free values would be constant, neither of which is the case (Fig. 4) . The iron oxide concentrations reflect changes in the composition, rather than the magnitude, of the terrigenous flux. They document climatic conditions in the Amazon drainage, rather than local sea level control of terrigenous sedimentation at Ceara Rise.
In lowland soils, goethite is favored over hematite with decreasing temperature and increasing precipitation and/or increasing soil organic carbon content (Kampf and Schwertmann, 1983) . Thus, the fraction of goethite in total iron oxides (G/(G ϩ H); Fig. 4 ) is a measure of lowland climate. Ice age temperatures in the lowlands (Stute et al., 1995) are too high (Ͼ20°C) for a significant temperature effect on this ratio; therefore, precipitation and soil organic carbon content control G/(G ϩ H) on glacial-interglacial scales in Amazonia. Precipitation and soil organic carbon are related because moist areas are more vegetated.
Temporal variations in G/(G ϩ H) from Ceara Rise are visually similar to Ϫ␦ 18 O (Fig. 4) but G/(G ϩ H) maxima precede sea level highstands and minima precede lowstands. 2)). R 2 ϭ 0.98, p ϭ 0. Rmse for the full range is Ϯ0.05 %hematite (n ϭ 26) while over the range Յ0.2, which encompasses the downcore estimates, rmse ϭ Ϯ0.02 %hematite (n ϭ 15).
Peaks in G/(G ϩ H) are broader than deglacial %goethite or %hematite peaks, and G/(G ϩ H) values tend to remain relatively high into interglacial periods, indicating continued high levels of precipitation. Variance in all three iron oxide records is concentrated at orbital frequencies. Negative phase estimates indicate that changes in the oxide indices lead Ϫ␦ 18 O (sea level) at all coherent frequencies (Figs. 5B and 5C ).
DISCUSSION
Origin of the Iron Oxides
We refer to a terrigenous origin for the iron oxides found in Ceara Rise sediments. However, thin (1-5 cm) sedimentary layers rich in iron found in sediment cores from throughout the western tropical Atlantic at the termination of the last ice age have been attributed to an in situ, diagenetic origin (McGeary and Damuth, 1973; Richardson, 1974) . Two observations support a terrigenous source. First, if diagenetic iron accumulates at the base of the present oxidized layer, reducible iron must continually migrate upward to keep pace with sedimentation (Wilson et al., 1986) , dissolving diagenetic layers deeper in the sediment. Even if erasure of diagenetic layers buried below the oxidized zone were slow, the iron oxide abundance would decrease downcore. In conflict with this prediction, %goethite and %hematite oscillate downcore with little or no loss of amplitude in Pleistocene sediments (Fig. 4) and display higher amplitude variability in Miocene sediments (Harris, 1998) . Second, the zones of high hematite and goethite percentages   FIG. 4 . Time series of estimated %goethite and %hematite, both on a carbonate-free basis (CF), %goethite in total iron oxides, G/(G ϩ H), calculated from %goethite and %hematite sampled at 2000-yr intervals after 6000-yr Gaussian smoothing, estimated %CaCO 3 (Harris et al., 1997) , June insolation at 65°N (W/m 2 ; Laskar et al., 1993) , and ␦ 18 O plotted with a reverse vertical axis (primarily C. wuellerstorfi, W. Curry, unpublished data). Dashed vertical lines correspond to peaks in %goethite, which typically coincide with glacial terminations and Q65N Jun maxima. Small numbers above horizontal axis indicate oxygen isotope stages.
AMAZON BASIN CLIMATE VARIABILITY we observe are typically about 25 cm thick. Typical diagenetic iron-rich layers are only a few centimeters thick (McGeary and Damuth, 1973) because they form at specific depths relative to pore-water oxygen gradients, below the near-surface bioturbation layer.
Coretops reveal a plume of goethite extending into the western Atlantic Ocean from the mouth of the Amazon River , indicating a riverine terrigenous origin. Hematite and goethite are both prevalent in Amazon soils (Jordan, 1985) , which links the two to a common source. Although eolian hematite from Africa is also present in Atlantic coretop sediments, the plume of African hematite is far north of Ceara Rise, at about 20°N latitude (Sarnthein et al., 1982) , and outside this study area.
Source and Weathering of Terrigenous Material
The Andean highlands of Peru (Solimoes River) and Bolivia (Madeira River) supply most of the suspended sediment at the mouth of the Amazon (Gibbs, 1967; Meade et al., 1985) , although probably most is stored temporarily on floodplains en route (Meade, 1994) and undergoes some degree of weathering (Johnsson and Meade, 1990) . Steep Andean topography, coupled with high rainfall (up to 5000 mm/yr), volcanism, and earthquakes, encourages physical weathering on eastern Andean slopes. Lowland rivers today supply a small portion of total suspended sediment, but up to 70% of the total water runoff (Meade, 1994) .
If sediment derived from the highlands and lowlands maintained distinctive compositions on glacial-interglacial time scales, then the bulk composition of suspended sediment at the mouth of the Amazon would depend only on the respective contributions from each source. Taking %goethite as a signature of a lowland source, increased goethite concentrations in the terrigenous fraction of deep sea sediment reflect increases in the lowland source and/or decreases in the highland source. Two mechanisms may alter this balance: (1) continental storage and release of Andean sediment, related to sea level fluctuations, and (2) changes in precipitation distribution.
Sea level may contribute to changing the balance between lowland and highland source in the following manner. R. Stallard (1988; personal communication, 1998) hypothesizes that Andean sediment may be trapped up the Amazon valley as sea level rises, effectively increasing the influence of lowland river sources. This rapidly deposited Andean sediment would erode when sea level falls, diluting the lowland signature and producing a surge of Andean sediment during transitions from interglacial to glacial conditions. This process predicts that the total terrigenous flux should be at a minimum when sea level is rising. However, over the most recent glacial cycle, maximum terrigenous flux at Ceara Rise, derived from 230 Th accu- mulation, occurred during the LGM (Francois et al., 1990) . The spikes in %goethite and %hematite do not coincide with minimal terrigenous flux; therefore, it appears that sediment trapping in the Amazon valley is not the primary influence on the mineralogy of the terrigenous component in Ceara Rise sediments.
Changes in the precipitation balance may influence the relative contributions from highland and lowland sources by drying out or wetting highland source areas and lowland source areas separately. If the deglacial terrigenous flux were about two-thirds the glacial maximum value (Francois et al., 1990) and the relative deglacial lowland contribution were three times the glacial contribution (based on deglacial %goethite peaks; Fig. 4) , the lowland deglacial flux would have to be twice the glacial flux, while the highland flux would be halved. These flux changes may be plausible given recent interannual variability in highland and lowland river sediment loads (Richey et al., 1986) , although data are sparse.
Precipitation and temperature can also affect chemical weathering. Cooler temperatures and lower precipitation slow chemical weathering rates, preserving more physical weathering products that would break down under warm humid conditions (Martinelli et al., 1993) . Such environmental changes could alter the average lowland soil composition without changing the balance of source regions. If %goethite in the total sediment load is dominantly weathering-controlled rather than source-controlled, increases in %goethite imply increased chemical weathering.
Source and weathering influences are not mutually exclusive. Sediment stored on the continent via a sea-level-driven control would be affected by weathering, depending on the length of storage and rapidity of deposition and burial. Increased lowland precipitation promotes an increase in chemical weathering products both by dilution of the mainstem Amazon with lowland erosive products and by weathering of sediment derived from the highlands.
Pleistocene Amazonian Climate
While goethite and hematite concentrations in the terrigenous fraction depend on Andean erosion, the relative proportion of oxides, G/(G ϩ H), is a proxy for lowland precipitation and vegetation without a highland signature. This is because most of the oxides are derived from lowland soils. Precipitation and soil carbon increases imply rainforest expansion, because forests depend on large amounts of precipitation (Clapperton, 1993) and forest soils typically contain higher organic carbon concentrations than grassland soils (Haase, 1992) . At all orbital frequencies, %hematite, %goethite, and G/(G ϩ H) lead ice volume by several thousand years (Figs. 5 and 6, Table 1 ). Wet periods in the Amazon lowlands, with increased forest cover and higher soil organic carbon contents, occur during ice melt, and dry periods occur during ice growth. For the most recent glacial termination, this finding of wet conditions during deglacial periods is supported by oxygen isotopic evidence for increased freshwater discharge to the Atlantic (Showers and Bevis, 1988) and pollen evidence of lowland forest expansion (Servant et al., 1993) . We add that this climate pattern occurs consistently throughout the late Pleistocene and at all dominant frequencies of orbital variability.
This phasing of the oxides with respect to Ϫ␦ 18 O suggests that ice volume alone cannot drive tropical climate change, since the oxide index leads Ϫ␦ 18 O. A mechanism called upon to force both low-and high-latitude climate signals must lead, or be in phase with, both the oxide and isotope records. The tropical atmosphere might respond rapidly to such forcing, whereas slow ice sheet dynamics would cause ice volume to lag.
Orbital modulation of solar insolation, which has strongly influenced global climate during the late Pleistocene (e.g., Hays et al., 1976) , may force precipitation variability in the Amazon Basin. A combination of Earth's orbital eccentricity, axial tilt, and orbital position when the equinoxes occur (precession) modify the quantity and the seasonal and latitudinal distribution of solar energy received by the Earth.
Over the past million years, maximum %goethite, the proxy for relative lowland erosion, and G/(G ϩ H), the precipitation proxy, are statistically in phase with or slightly lag maximum Northern Hemisphere summer insolation at high latitude (Q65N Jun ) at 1/41,000 yr Ϫ1 and 1/23,000 yr Ϫ1 frequencies ( Fig.  6A ; Table 1 ). This insolation forcing is commonly cited as the "pacemaker" of continental ice sheets (Hays et al., 1976) . Assuming that maximum precipitation should correspond to maximum insolation, Q65N Jun represents the only insolation forcing (with latitude and season) that has an appropriate phase with respect to Amazon climate proxies at both obliquity and precessional frequencies. This conclusion is based on a phase model analogous to that of Imbrie et al. (1989; Fig. 6) . Figure 6B shows a summary of models for insolation forcing as a function of hemisphere, latitude, and season. Arrows are phase vectors for maximum insolation at tilt and precession frequencies at low and high latitudes, summer and winter. Each circle represents a globe, and the location of each of the four vectors on each circle represents a region of the globe: northern high latitude, northern low latitude, southern low latitude, and southern high latitude. The direction of the arrows designates the phase of maximum insolation relative to maximum tilt or June perihelion. Arrows pointing up indicate that maximum insolation for a particular latitude and season occurs at maximum tilt or June perihelion. Arrows pointing down indicate that maximum insolation for a particular latitude and season occurs at minimum tilt or December perihelion. The only insolation forcing for which both tilt and precession phases are consistent with the climate response in G/(G ϩ H) is summer (June) insolation at northern high latitudes (both arrows pointing up).
How might Q65N Jun drive Amazon Basin climate to explain the phases of both %goethite and G/(G ϩ H) in the dominant orbital bands? One hypothesis is that the austral summer (wet season) position of the Intertropical Convergence Zone (ITCZ) during the most recent glacial termination was farther north than today, driven by minimal summer continental heating of low-latitude South America (Martin et al., 1997) . With the ITCZ farther north, less precipitation would fall in the central Bolivian Andes, which are the headwaters of the Madeira River. Since the Madeira supplies a large portion of the total erosive products to the Amazon today (Meade et al., 1985) , a more northerly position of the ITCZ in the past skews the erosional balance toward the Amazon lowlands while increasing lowland precipitation. The opposition of lowland and Bolivian altiplano deglacial lake levels also supports this hypothesis (Servant et al., 1993; Wirrmann and Mourguiart, 1995) .
While a mechanism for precipitation variability involving changing the position or intensity of the ITCZ appears reasonable, it cannot be forced by summer (Dec.) insolation at 10°S or 20°S as hypothesized by Martin et al. (1997) because the phases of G/(G ϩ H) at tilt and precession frequencies disagree with these insolation curves (Fig. 6 ). Rather than a local continental control of the ITCZ position, we propose an oceanic circulation process, forced by Northern Hemisphere highlatitude insolation. Enhanced formation of North Atlantic Deep Water (NADW) during deglacial periods and a stronger thermohaline circulation, driven by Q65N Jun , would increase heat transport from the Southern to the Northern Hemisphere (e.g., Rind and Chandler, 1991) , cooling sea surface temperatures in the southern ocean (Crowley, 1992) . Concurrent warming of surface water north of the equator would shift the mean position of the ITCZ northward, producing the observed pattern of Amazon precipitation inferred from G/(G ϩ H). This mechanism is supported by the early phases (preceding ice volume) of equatorial sea-surface temperatures, both in the Atlantic (Imbrie et al., 1989) and in the eastern Pacific (Pisias and Mix, 1997) although, admittedly, the phase match to the Amazon Basin is not precise, and past changes in oceanic heat transport are not well understood. We are left with the conclusion, based on phase considerations, that Northern Hemisphere insolation at high latitudes drives Amazon basin climate cycles at tilt and precession frequencies, and precipitation cycles respond rapidly to such forcing.
Explaining the strong 100,000 yr cycle of Pleistocene climate change given minimal external forcing is a classic problem (e.g., Imbrie et al., 1993) . Insolation forcing at 1/100,000 yr Ϫ1 is small and the phase is later than expected for a forcing mechanism, since maximum insolation at this frequency lags Amazon climate parameters and barely leads Ϫ␦ 18 O (Fig. 6) . However, an effect of precession forcing may explain the strong eccentricity climate response in Amazonia, which differs from the high-latitude ice volume response. Several studies have shown that "clipped" precession cycles transfer power from precession bands to the 1/100,000 and 1/413,000 yr Ϫ1 periods of eccentricity (Pokras and Mix, 1987; Short et al., 1991; Crowley et al., 1992) , due to a greater climate response to insolation maxima than to minima. Our data support the theory that the Amazon climate system may respond in such an asymmetrical manner: G/(G ϩ H) contains significant variance in the 1/413,000 yr Ϫ1 band over the interval 0.2-2.6 myr, a time period long enough to resolve a 413,000-yr climate cycle (Fig. 7) . Significant variance at this frequency is absent from ice volume (Ϫ␦ 18 O) records. Therefore, we infer that the long-period cycles of aridity in Amazonia could be driven by a nonlinear amplification of precessional forcing, perhaps due to selective climate sensitivity to the rainy season and nonlinear feedbacks related to water recycling by vegetation (Salati and Vose, 1984) . Alternatively, a "clipped precession" response in the geologic record may result from high sediment discharge during the rainy season (Meade, 1994) , thus amplifying that season's effect on the marine sedimentary record, relative to the dry season when discharge is low.
Because of its early phase at all orbital frequencies, low-latitude climate change may itself be part of the mechanism driving changes in high-latitude ice. An arid Amazonia during ice growth (low G/(G ϩ H)) implies reduction in tropical rain forest extent, which would result in a large transfer of carbon from terrestrial biomass storage to the oceans (Shackleton, 1977) . Replacement of rainforest areas in lowland Amazonia by savanna-type vegetation (Clapperton, 1993) would increase the region's albedo and reduce water vapor in the atmosphere by reducing evapotranspiration. However, in some regional model output, the net effect of reducing tropical forest cover is increased local surface temperatures, since the effect of increased albedo is overcome by a decrease in evaporative cooling (Polcher and Laval, 1994; Lean and Warrilow, 1989) . Such a temperature increase would be counter to global cooling trends during ice growth. This modeled warming effect has been questioned by Crowley and Baum (1997) ; thus, it remains uncertain how tropical vegetation change might act as a global feedback mechanism. The results presented here suggest that tropical atmospheric and oceanic circulation, which are manifested in the Amazon region, may be part of the chain of events that contribute to global 100,000-yr climate cycles.
CONCLUSIONS
Goethite and hematite in Ceara Rise sediments are derived primarily from the Amazon lowlands. Increases in goethite and hematite during major deglacial transitions imply relative increases in erosion from lowland sources. We suggest that the major climate variable controlling changes in relative erosion is variability in the highland-lowland balance of precipitation. During the late Pleistocene, high values of lowland Amazon precipitation, as measured by G/(G ϩ H), coincide with icemelting events and maximum June insolation at 65°N. At Note. All time series except insolation (Laskar et al., 1993) are from Site 926, 0 -0.9 Ma, smoothed with a 6000-yr Gaussian window and sampled at 2000-yr intervals; n ϭ 450, bandwidth ϭ 0.0044. Cutoff for significant coherence 2 ϭ 0.41 (1 Ϫ ␣ ϭ 0.80 precessional and obliquity frequencies, these precipitation changes may be driven by high northern latitude summer insolation. Although the physical mechanism is unclear, we propose a link to the position of the ITCZ, driven by changes in oceanic heat transport. Forcing of tropical climate by highlatitude insolation in Northern Hemisphere summer is consistent with this mechanism, based on variations in deep Atlantic circulation on glacial-interglacial time scales (Harris et al., 1997) that may translate climate changes via the deep ocean, resulting in early climate responses in the Southern Hemisphere and tropics (Imbrie et al., 1992 (Imbrie et al., , 1993 Crowley, 1992) . At eccentricity frequencies, insolation may provide the forcing for Amazon Basin climate if the climate responds nonlinearly to precession forcing, transferring power to 100,000-and 413,000-yr periods. This theory is supported by the presence of significant variance at 1/413,000 yr Ϫ1 frequencies in lowland precipitation documented here. Analysis of these long times series shows that late Pleistocene climate extremes in Amazonia precede northern hemisphere ice extremes, suggesting that tropical climate changes may affect, rather than respond to, global ice age climate cycles.
FIG. 7. (A) Time series of G/(G ϩ H) (solid), Ϫ␦
18 O (long dash), and June insolation at 65°N (short dash), from 0.2 to 2.6 myr. Time series were detrended, normalized to zero mean and unit variance, then lowpass filtered to remove all frequencies higher than 1/70,000 yr Ϫ1 . Means are offset for convenience. (B) Frequency spectra of G/(G ϩ H) (solid), Ϫ␦ 18 O (long dash), and June insolation at 65°N (short dash), analyzed from 0.2 to 2.6 myr, an interval long enough to include several 413,000-yr cycles. Vertical gray bar is centered at 1/413,000 yr Ϫ1 and its width equals the bandwidth. Significant variance at this frequency, a component of eccentricity, is present in the insolation record and the G/(G ϩ H) precipitation proxy, but absent from Ϫ␦ 18 O.
